Targeted control of the aggregation, morphology and optical properties of conjugated polymers is critical for the development of high performance optoelectronic devices. Here, self-assembly approaches are used to strategically manipulate the order, conformation and spatial distribution of conjugated polymers in solution and subsequently prepared thin films. The supramolecular complex organisation of phosphonium-functionalised homo-(P3HTPMe3) and diblock (P3HT-b-P3HTPMe3) ionic conjugated polythiophenes upon solvent-mediation and co-assembly with oppositely charged surfactants is investigated. UV/Vis absorption and photoluminescence spectroscopies, small-angle neutron scattering (SANS), cryo-transmission electron microscopy (cryo-TEM) and atomic force microscopy (AFM) are used to probe the organisation and photophysical response of the aggregates formed. Subtle differences in the surfactant mole fraction and structure, as well as the solvent polarity, yield differences in the nature of the resultant homopolyelectrolytesurfactant complexes. In contrast, only moderate structural transformations are observed for the amphiphilic diblock copolyelectrolyte, emphasising the structure "anchoring" effect of a neutral polymer block when amphiphilic copolymers are dissolved in polar solvents. These results highlight the versatility of self-assembly to access a range of nanomorphologies, which could be crucial for the design of the next generation of organic optoelectronic devices.
Introduction
Conjugated polyelectrolytes (CPEs) are polymers with extended π-conjugated backbones and ionic pendant groups, which combine organic semiconductor properties and the charge-mediated behaviour of polyelectrolytes in a single functional macromolecule. 1 They have remarkable promise as components of the active and charge transport layers of flexible optoelectronic devices, including polymer lightemitting diodes, [2] [3] [4] organic field-effect transistors [5] [6] [7] and organic photovoltaic devices (OPVs). [8] [9] [10] [11] Inkjet or screenprinting provide a facile route to low cost fabrication of these devices. [12] [13] [14] However, the nanostructure of CPE films deposited in this manner are strongly influenced by the conformation of the polymer species in the ink. Since device performance depends on the intrinsically linked optoelectronic properties and nanoscale morphology of the polymer, 15 the development of facile and reproducible processing methods that enable sophisticated control of the organisation of individual and clustered polymer chains in solution is paramount for the design of high performance organic electronic devices. Recently, self-assembly strategies have emerged as an elegant approach for the fabrication of reproducible nanoscale architectures from CPEs. 16 Due to their inherently amphiphilic structures (hydrophobic backbones and hydrophilic side groups), CPEs have a tendency to aggregate in aqueous solution or polar organic solvents, and as a result their aggregated morphology can be strongly dependent on the polarity of the medium. 17, 18 The addition of ionic or neutral surfactants to aqueous solutions of CPEs is known to break-up these aggregates, leading to the formation of hybrid structures with well-defined organisation. [19] [20] [21] [22] [23] Such structural transitions result in concomitant changes in the photophysical properties, such as an increase in the emission intensity, 24, 25 or a shift of the emission maximum. 26 Differences in the solubility and/or crystallinity of the polymer structure may also be exploited to yield more exotic structures. Block copolymers are macromolecules formed from two (or more) immiscible homopolymer chains (blocks) that are covalently linked. Due to the thermodynamic incompatibility between the adjacent blocks, these materials exhibit a natural tendency to self-assemble into Recently, particular attention has been paid to all-conjugated amphiphilic diblock copolymers, which combine ionic and neutral blocks. 29, 30 This introduces a further solubility gradient across the copolymer structure, leading to exotic selfassembled structures that can be conveniently modulated via solvent-mediation. Scherf et al. reported all-conjugated cationic "rod-rod" block copolyelectrolytes containing a hydrophobic polyfluorene and hydrophilic polythiophene blocks, that exhibit solvent-mediated self-assembly in mixtures of selective and non-selective solvents, such as watermethanol 30, 31 and water-THF. 31, 32 Careful selection of the solvent mixture was shown to be a convenient method to simultaneously control the nanomorphology of the selfassembled aggregates formed (e.g. vesicles, rods, etc.) and the photoluminescence properties. [30] [31] [32] All-conjugated polythiophenes have attracted particular attention for applications as electron donors or interfacial layer materials in OPV devices. [33] [34] [35] [36] [37] [38] [39] The analogous amphiphilic diblock polythiophene copolymers should be extremely attractive for this purpose; however, to date, there have only been a few studies dedicated to controlling the aggregate morphology and thus optoelectronic properties of amphiphilic diblock polythiophene copolymers. 29, 35, 40, 41 We recently reported the solvent-driven assembly of a family of rod-rod diblock copolymers containing a hydrophobic poly(3hexylthiophene) (P3HT) block and a hydrophilic cationic P3HT block bearing different side-chains. 29 The rigid rod-structure led to the formation of core-shell cylindrical or disc-like aggregates in different solvent mixtures. 29 This investigation was followed by preliminary study of the interaction between the phosphonium-functionalised diblock copolymer poly[(3hexylthiophene-2,5-diyl)]-block-poly[(3-(6'-(trimethylphosphoniumhexyl)thiophene-2,5-diyl))] bromide (P3HT-b-P3HTPMe 3 ), its analogous homopolyelectrolyte poly[3-(6'-(trimethylphosphonium)hexylthiophene-2,5-diyl)] bromide (P3HTPMe 3 ) (Scheme 1) and the anionic surfactant sodium dodecyl sulfate (SDS) in methanol-water mixtures. Small-angle neutron scattering (SANS) studies revealed that the solution structures, solvent content, and therefore hydrophobicity, were extremely dependent on both the CPE structure and counterion. 35 Furthermore, a 20% increase in power conversion efficiency of an OPV device was observed after the incorporation of the CPE-surfactant complexes as cathodic interfacial layers. 35 Here, we aim to comprehensively demonstrate the versatility of self-assembly to control the nanoscale morphology of all-conjugated homo-and diblockpolythiophene CPEs by harnessing solvent-mediation and coassembly with ionic surfactants. The electrostatic co-assembly of the diblock copolymer P3HT-b-P3HTPMe 3 and the analogous homopolymer P3HTPMe 3 with the anionic surfactants, SDS, potassium heptadecafluoro-1octanesulfonate (PFOS) and deuterated-sodium dodecyl sulfate (d 25 -SDS) (Scheme 1) in both water and methanol is investigated, and correlated with the nanoscale morphology of subsequently prepared thin films. Using a combination of optical, scattering and microscopic techniques, the nature of the homopolyelectrolyte-surfactant complexes is shown to be dependent on subtle differences in the surfactant mole fraction and structure, as well as the solvent polarity. In contrast, only moderate structural transformations are observed for the diblock P3HT-b-P3HTPMe 3 , highlighting the "structure anchoring" effect of the neutral polymer block when amphiphilic copolymers are dissolved in polar solvents. 
Experimental

Materials and characterisation methods
Poly[3-(6'-(trimethylphosphonium)hexylthiophene-2,5-diyl)] bromide (P3HTPMe 3 ), 42 and poly[(3-hexylthiophene-2,5-diyl)]block-poly[ (3-(6'-(trimethylphosphoniumhexyl) thiophene-2,5diyl))] bromide (P3HT-b-P3HTPMe 3 ) 35 were synthesised as previously reported and have number-averaged molecular weights, M n , of 15,100 and 13,600 g mol -1 , respectively, with PDIs of 1.12 and 1.36, as measured for the parent bromohexyl precursors. SDS (≥99.0%), PFOS (≥98.0%) and deuterated-methanol (d 4 -MeOD, 98.0%) were purchased from Sigma-Aldrich. Deuterated-sodium dodecyl sulfate (d 25 -SDS) was purchased from Santa Cruz Biotechnology and deuterium oxide (D 2 O, 99.9%) was purchased from Apollo Scientific Limited. All chemicals were used as received.
The UV/Vis absorption and fluorescence spectra were recorded at room temperature on a Shimadzu UV2401 PC UV/Vis scanning spectrometer and a Fluorolog-3 (Horiba Jobin Yvon) spectrophotometer, respectively. The emission spectra were corrected for the wavelength response of the system using correction factors supplied by the manufacturer. Samples were measured in quartz cells with an extremely short path length (0.1 mm) to prevent saturation of the detector signal.
SANS was carried out on the LOQ small-angle diffractometer at the ISIS Pulsed Neutron Source (STFC Rutherford Appleton Laboratory, Didcot, U.K.). 43 A simultaneous q-range of ~0.09-2. ) using the scattering from a standard sample (a solid blend of hydrogenated and perdeuterated polystyrene) in accordance with established procedures. 45 The scattering functions were fit using non-linear least-squares analysis to a Rigid Cylinder model, 46, 47 ). All images were recorded digitally by a bottom-mounted 16 bit CCD camera system (TemCam-F216, TVIPS, Munich, Germany). The observable length scale range was between 5 and 500 nm.
Atomic force microscopy (AFM) measurements were performed using an Asylum Research MFP-3D™ instrument mounted on an anti-vibration plinth, in the tapping mode at room temperature under ambient conditions. Higher resolution AFM measurements were performed using diamond tips on silicon cantilevers, which were a kind gift from Adama Innovations. The silicon cantilevers had a spring constant of ~110 nN nm -1 and resonance frequency of ~240 kHz. All raw AFM images were analysed using the Gwyddion 2.31 software.
Results and discussion
CPE-surfactant mixtures were prepared over a range of charge ratios, x, which represents the ratio of surfactant molecules over the number of charged CPE monomers. The samples were prepared by mixing 10 mg mL -1 solutions of CPE with 10 mg mL -1 solutions of surfactant to obtain the desired charge ratio, with a total concentration of 10 mg mL -1 . The value x = 1 corresponds to stoichiometric charge balance. As a representative example, the compositions of polymer-SDS mixtures are given in the ESI †, Tables S1 and S2.
Optical characterisation
The optical properties of polythiophenes are well-known to be responsive to intrachain conformational changes and interchain aggregation. 52, 53 The addition of the anionic surfactant SDS to a solution of P3HTPMe 3 in D 2 O at different charge ratios, x, resulted in a series of colorimetric transitions, as shown in Fig. 1 . P3HTPMe 3 (SDS) x exhibits a series of welldefined colour transitions, from red (x = 0), to wine (x = 1/5 -1), to orange (x = 5), and finally, yellow (x = 20). A similar series of colorimetric transitions for the related poly[3-(6'-(N,N,Ntrimethylammoniumhexyl)thiophene-2,5-diyl)] bromide (P3TMAHT) with SDS at different charge ratios. 21 In contrast, for P3HT-b-P3HTPMe 3 (SDS) x a colour transition from purple to red is only observed for x = 5 to x = 20. Effect of surfactant charge ratio. The colorimetric response can be correlated with changes in the UV/Vis absorption spectrum ( Fig. 2a,b ). The absorption spectra of P3HTPMe 3 (SDS) x exhibit similarly pronounced spectral transitions, where the absorption maximum (λ abs ) initially undergoes a red-shift from 443 nm (x = 0) to 545 nm (x = 0.5). Upon increasing the SDS charge ratio, a further red-shift is accompanied by the resolution of vibronic structure at the charge compensation point (x = 1 -2). This is followed by a blue-shift to 429 nm for x > 2. The absorption maximum of the diblock copolymer P3HT-b-P3HTPMe 3 is significantly redshifted (~80 nm) compared to the homopolymer, which is consistent with its increased aggregation. 29 The λ abs maxima remain relatively constant for the P3HT-b-P3HTPMe 3 (SDS) x series; however, there is a significant reduction in the absorption bandwidth with increasing x. By x = 5, the absorption band of P3HT-b-P3HTPMe 3 also exhibits moderate vibronic structure, which is consistent with P3HT adopting a "rigid-rod" conformation in block copolymers. 54 ), the UV/Vis absorption spectra exhibit comparable trends to the concentrated samples ( Fig.  S1 , ESI †). However, P3HT-b-P3HTPMe 3 has a significantly narrower bandwidth in the diluted sample as the CPE is less aggregated at this concentration. The photoluminescence (PL) properties of the homopolymer and diblock copolymers are also highly sensitive to the surfactant charge ratio. Addition of SDS (x = 0.2-2) to P3HTPMe 3 triggers both a narrowing of the emission band and the emergence of more resolved vibronic structure ( Fig. 2c ), which is assigned to the vibronic progression of the C=C stretching mode (ΔE ≈ 0.15 eV). 55 This is accompanied by a significant red-shift in the emission maximum (Δλ em = 59 nm) by x = 1. These observations suggest that P3HTPMe 3 adopts a more planar, ordered conformation in this concentration regime, which prevents free rotation around the polymer backbone. 21, 22 By x = 5, the emission band loses its vibronic structure, broadens and undergoes a blue-shift, which indicate the return to a more twisted conformation along the polymer backbone. 21, 22 In fact, the emission maximum for x = 5 is even blue-shifted when compared to that of pure P3HTPMe 3 . This can be attributed to a reduction of interchain interactions due to increased screening of the polymer-polymer interactions by the SDS which is present in charge excess. 21, 22 The PL spectrum of P3HT-b-P3HTPMe 3 has an emission maximum at 734 nm and some vibronic structure ( Fig. 2d ). Upon initial addition of SDS (x = 0.2 -0.5), no significant spectral changes are observed, suggesting that no substantial structural reorganisation takes place in this concentration regime. However, for x = 1, a large blue-shift in the emission maximum to 672 nm results, which is accompanied by a decrease in the vibronic band at 734 nm and the emergence of a new band at 637 nm. Increasing the charge ratio further (x = 2 -20) sees the complete loss of vibronic structure. The addition of the surfactant appears to reduce polymer-polymer interactions. 23 The anionic surfactant is expected to associate predominantly through electrostatic interactions with the cationic P3HTPMe 3 block, while polymer-polymer interactions are expected to persist in the neutral P3HT block domains of the copolymer aggregates. This may explain why some vibronic structure remains until x = 5, i.e. even when the surfactant is present in large excess. 
Effect of hydrogenated vs. perfluorinated surfactant.
While a previous study has suggested that the nature of the cationic side-group (X) did not have a large effect on the self-assembly properties of P3HT-b-P3HTX in MeOH and H 2 O, 29 it has been shown that subtle changes in the structure of the associating surfactant can tune the aggregate structures formed. [21] [22] [23] To investigate this, P3HT-b-P3HTPMe 3 and P3HTPMe 3 , were mixed with the perfluorinated surfactant, PFOS (Scheme 1). PFOS has a reduced charge density on the head-group and a more rigid hydrophobic tail in comparison to SDS. 56, 57 The normalised UV/Vis absorption and PL spectra of the polythiophenes mixed with a 1:1 charge ratio of PFOS and, for comparison, SDS, are shown in Figure 3 . The normalised PL spectra of P3HTPMe 3 (PFOS) x and P3HT-b-P3HTPMe 3 (PFOS) x (x = 0.2-5) are shown in Figure S2 , ESI †. The UV/Vis absorption spectra for P3HTPMe 3 (PFOS) 1 and P3HT-b-P3HTPMe 3 (PFOS) 1 are characterised by a single broad absorption band centred at 447 and 523 nm, respectively ( Fig.  3a,b ), similar to the spectra for the pure CPEs. The only significant difference is a reduction in the peak width for P3HT-b-P3HTPMe 3 (PFOS) 1 . This is in stark contrast to the analogous SDS systems which are significantly red-shifted upon complexation with the surfactant.
The PL spectrum of P3HTPMe 3 is notably insensitive to PFOS, with only a moderate blue-shift observed (Δλ em = 33 nm) by x = 2, before a red-shift back to the original emission maximum at higher x. In contrast, the PL spectrum of P3HT-b-P3HTPMe 3 undergoes a large blue-shift (~75 nm) to 657 nm by Please do not adjust margins Please do not adjust margins x = 1. By x = 5, λ em = 614 nm, and all vibronic structure is lost. This occurs for PFOS at a lower charge ratio (x = 2) than with SDS (x = 5), which suggests that the fluorinated surfactant, with a lower head-group charge density, is more effective at reducing polymer-polymer interactions within the aggregates of P3HT-b-P3HTPMe 3 . 23 The PL and absorption data for both systems in D 2 O and d 4 -MeOD before and after the addition of surfactant are summarised in Table 1 . ) are shown in Fig. 4a . Similar to D 2 O, the absorption maximum of P3HT-b-P3HTPMe 3 is significantly red-shifted (~70 nm) compared to P3HTPMe 3 , and exhibits moderate vibronic structure. The addition of SDS results in a moderate blue-shift in λ abs (~10 nm) and a narrowing of the absorption band for the homoand diblock polymers. However, this shift is much smaller than observed for P3HTPMe 3 (SDS) 1 in D 2 O (~150 nm), which indicates a smaller structural rearrangement in d 4 -MeOD. More striking distinctions are observed upon the addition of PFOS. The absorption spectrum of P3HTPMe 3 (PFOS) 1 shows a blue-shift of ~30 nm, while the band for P3HT-b-P3HTPMe 3 (PFOS) 1 is significantly broader, which implies that the CPE adopts a more planar organisation. and P3HT-b-P3HTPMe 3 are likely to hinder polymer-polymer interchain interactions, thereby decreasing the nominal effective conjugation length for exciton migration. 25 Previously, the complexation of DS with the related homopolymers P3TMAHT 21, 22 and poly[3-(6'-(Nmethylimidazolium)hexyl)thiophene-2,5-diyl] bromide (P3ImiHT) 23 was shown to induce significant surfactochromic transitions in aqueous solution, which could also be controlled by varying the surfactant charge ratio. However, the effect of SDS appears to be greater in D 2 O than d 4 -MeOD. There are two potential reasons for this: (1) these transitions are controlled to a large extent by the phase diagram of SDS. Micellization is known to be strongly inhibited by organic solvents, such as MeOH. 58 Therefore, while the critical micelle concentration (cmc) of SDS is well-known in water (cmc = ~8.2 mM) 59 , there are few reliable records of the cmc in MeOH; 60 (2) the CPEs will also experience different phase transitions in methanol and water. Interestingly, PFOS has considerably more effect on the emission properties of P3HTPMe 3 in d 4 -MeOD than in D 2 O. As with SDS, this is likely to be at least partially due to the difference in the cmcs of PFOS in MeOH and H 2 O (~2 mM) 61 . Furthermore, this effect is significantly greater for the diblock copolymer vs. the homopolymer.,The reduced charge density of the sulfonate head-group may enable PFOS to more effectively penetrate the neutral P3HT block core of the aggregates of P3HT-b-P3HTPMe 3 than SDS. Fluorinated species, such as PFOS, may be expected to have an immiscibility gap with hydrogenated species, such as the CPES studied here, due to weaker van der Waals interactions. 62 However, this may be counteracted by the high electronegativity of the fluorine atoms which will promote intermolecular interactions with P3HT through the formation of non-covalent F-S and F-H bonds. 63, 64 In contrast, due to its higher charge density and hydrogenated tail, SDS can form stronger ionic and van der Waals associations with the P3HTPMe 3 blocks, thus, explaining why greater surfactochromic changes are observed for the P3HTPMe 3 (SDS) x system.
Solution-phase structures
To obtain deeper insight into the nanoscale organisation of the polymers in solution, SANS studies were performed on the 6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
Please do not adjust margins Please do not adjust margins (Fig. 5) . Therefore, CPE-SDS x complexes will appear to neutrons as single entities, enabling the entire polymer-surfactant complex to be observed. In contrast, scattering from CPE-d 25 -SDS and CPE-PFOS systems originates primarily from the polymer, allowing the organisation of the polymer within the complex to be investigated.
The observation window of these SANS experiments ranged from 2.6-70 nm, which covers the isolated chain lengths of the CPEs (22.2-30.4 nm) calculated from the length of the thiophene monomer (~0.4 nm). 65 The ratio of neutral:charged blocks is 59:4,1 which results in block lengths of 17.9 nm and 12.5 nm, respectively. 66 If the CPEs were dissolved down to the single molecule level, the SANS data would level off as a Guinier plateau at an experimentally obtainable q which is not observed here for any of the CPEs in D 2 O or d 4 -MeOD. All fits to the scattering profiles are summarised in Tables S3-S10 in the ESI †. Although it was not possible to obtain unique fits to the SANS data, all the chosen fits have absolute SANS intensities consistent with the known sample concentrations (~1% vol. dry material). 
Homopolymer with surfactants in D 2 O.
The related homopolymers P3TMAHT 21, 22 and P3ImiHT 23 have previously been assigned as spherical aggregates in D 2 O. However, a modest upturn at q < 0.2 nm -1 of ~q -1 implies that P3HTPMe 3 may form cylindrical rather than spherical aggregates (Fig. 6a ). Fitting of the SANS data (0.08 < q < 2.2 nm -1
) to the Cylinder model 46, 47 gave an aggregate length of 8.7 nm and radius of 1.5 nm. The hump at q = 0.3 nm -1 was accounted for by including a Hayter-Penfold structure factor, which accounts for particle-particle repulsive interactions. [67] [68] [69] Alternatively, using a Guinier plot 46 (Fig. S4 , ESI †) the calculated radius of gyration (R g ) of aggregates of P3HTPMe 3 in D 2 O is 2.1 nm. The scattering profile of P3HTPMe 3 upon initial addition of hydrogenated SDS (x = 0.2) is quite different to that of the pure polymer ( Fig. 6a) , with an upturn at low q of ~q -1.7 . This means that only a small amount of SDS (well below its cmc) is required to weaken the interparticle electrostatic ordering within aggregates of P3HTPMe 3 . 23 Fitting of the SANS data (0.08 < q < 2.2 nm -1
) to the Cylinder model 46, 47 gave an aggregate length of 48.3 nm and radius of 1.8 nm. As the charge ratio is increased further from x = 0.5 to x = 2, there is a significant increase in scattering at low q (q < 0.2 nm -1
). By x = 1, the scattering curve decays as q~2 .6 , which is interpreted as the existence of "sheet-like" particles or larger smooth fractal aggregates, such as large or flocculated vesicles or a mixture of both. 70 The power law scaling at high q (q > 1.0 nm -1 ) starts to decay as q -4 , thus, marking the thickness of the sheet-like aggregates. 23 The upturn at q = 0.8 nm -1 , could be repulsion between similarly charged chains or the appearance of free SDS micelles, considering that the concentration is well above the cmc of SDS in water (8.2 mM ≈ 2.4 mg mL -1 ). 71 Fitting with the Lamellar Sheet model 48, 49 gave sheet thicknesses (T sheet ) of 1.0, 2.0 and 1.4 nm for x = 0.5, 1 and 2, respectively. These thicknesses correspond to the solid state d-spacing of poly(3-hexylthiophene) (~1.7 nm) 65 or the length of individual SDS molecules (~2.5 nm), 72 implying that the polymer and surfactant must be interwoven rather than forming welldefined layers. 23 At x = 5, the scattering intensity scales as q -0.5
, and the data can be fitted as spherical aggregates with a radius of 2.5 nm and 65% solvent content (Fig. S7, ESI †) . This is only slightly larger than pure SDS micelles, which are also spherical with radius of ~1.9 nm (Fig. 6a, red circles) . This suggests that scattering from the x = 5 sample occurs predominantly from SDS micelles, with the P3HTPMe 3 associating to their surfaces, which may potentially explain the slight increase in radius. Fig. 6d shows the SANS data and fits for P3HTPMe 3 (d 25 -SDS) x in D 2 O, in which the scattering profile mainly arises from P3HTPMe 3 within the P3HTPMe 3 (d 25 -SDS) x associations. After addition of d 25 -SDS up to x = 1, the SANS data exhibit a strong upturn at low q, described empirically by a power law scaling of q -2.7 , strongly resembling that of P3HTPMe 3 (SDS) 1 (Fig. 6e) .
The data indicate that P3HTPMe 3 forms sheet-like aggregates within the sheet-like CPE-SDS x associations and can be fitted to the Lamellar Sheet model 48, 49 to give a T sheet of 3.4 nm for x = 1, surprisingly thicker than for P3HTPMe 3 (SDS) 1 (~2.0 nm). Interestingly, the scattering profile for P3HTPMe 3 (d 25 -SDS) 5 is clearly still reminiscent of lamellar sheets (~q -2 ). In contrast, the apparent spherical scattering profile in P3HTPMe 3 (SDS) 5 is likely to be a consequence of the micelles formed from the excess SDS.
The analogous SANS profiles for P3HTPMe 3 (PFOS) x can be found in Fig. S7 (ESI †) . For x = 1, the data show a strong upturn at low q, described by q -2.3 scaling, strongly resembling that of 21 and resulting in more distinct "P3HTPMe 3 " and "PFOS" layers. Diblock copolymer with surfactants in D2O. The SANS data of P3HT-b-P3HTPMe 3 in D 2 O (Fig. 6b ) yield a similar scattering profile to the pyridinium (Py) and imidazolium (Im) P3HT-b-P3HTX analogues previously studied, 29 with a shoulder at q = 0.2 nm -1 and an upturn at q = 0.8 nm -1
. The low q region (q < 0.2 nm -1 ) decays as q -1.6 , which is typical of scattering from either cylindrical aggregates or individual chains. 73 At high q (q > 0.7 nm -1 ), the SANS response stems from the internal structure of the aggregate. The data (0.08 < q < 2.0 nm -1 ) were thus fit to a Core-Shell Cylinder model, 50 which indicates that P3HT-b-P3HTPMe 3 forms aggregates with a dry core (~5% solvent), a radius (r core ) of 47.2 Å, length (L core ) of 51.8 nm, and a thick, wet shell (~82% solvent) of 7.0 nm. The SLDs of the P3HT and P3HTPMe 3 blocks are both ~1 × 10 -4 nm -2 (Fig. 5 ).
Therefore, they can only be distinguished by neutron scattering when one block is substantially more solvated than the other. Here, core-shell cylinders with hydrophobic, neutral block cores and solvated, hydrophilic charged block shells are observed. Initially, there is practically no change in the scattering profile of P3HT-b-P3HTPMe 3 upon addition of hydrogenated SDS (x = 0.2) (Fig. 6d ). However, by increasing the charge ratio (x = 0.5), an increase in the scattering intensity is observed at q = 0.8 nm -1 , indicative of repulsion between similarly charged chains. In addition, by x = 1 the shoulder at q = 0.2 nm -1 becomes less pronounced and the profile scales as q -2 . This implies that the core-shell cylinders of the pure diblock copolymer transform into 2D sheets upon coordination with SDS. At x = 2 and x = 5 the q-scaling decreases to q -1.9 and q -1.7
, respectively, indicating the progressive loss of the lamellar sheet structure upon increasing charge ratio. The SANS data (0.08 < q < 2.0 nm -1 ) of P3HT-b-P3HTPMe 3 (SDS) x were fit to the Core-Shell Cylinder, 50 Lamellar Sheet 48, 49 or Sphere models, shown in Fig. 6b and summarised in the Table S5 , ESI †. The fits for the P3HT-b-P3HTPMe 3 (SDS) x system proved particularly difficult to optimise. For x = 0.2 and x = 0.5, the samples were fit using the Core-Shell Cylinder model. Although the core lengths and radii are similar to those of the parent diblock copolymer, the shell appears to become thicker and drier. However, it must be noted that these fits were not perfect, and are particularly poor at q = 0.8 nm -1
. At x = 1, the charge compensation point, the scattering profile was best fit to the Lamellar Sheet model, 48, 49 with a T sheet of 5.9 nm. Although this fit was again not ideal, it was significantly better than the alternative fit using the Core-Shell Cylinder model. 50 25 -SDS) is performed, the scattering profiles of the entire P3HT-b-P3HTPMe 3 (d 25 -SDS) x series strongly resemble the core-shell cylinder profile of the parent diblock copolymer (Fig. 6e) . The Core-Shell Cylinder model was fit to each of the scattering profiles and the fitting parameters are summarised in the Table S6 in the ESI †. At x = 1, the fit gave an elongated cylinder with L core of 47.7 nm, r core of 4.9 nm and T shell of 7.1 nm. Each of the fits was greatly improved by adding polydispersity to the core radius. Therefore, we propose that since lamellar sheets are observed with SDS, and yet core-shell cylinders dominate when the surfactant has been contrast-matched, the SDS may act to connect adjacent P3HT-b-P3HTPMe 3 cylinders to form two-dimensional, sheetlike arrays.
Fitting with the Core-Shell Cylinder model to the P3HT-b-P3HTPMe 3 (PFOS) x series also gave core-shell cylinders with hydrophobic, neutral block cores and solvated, hydrophilic charged block shells (Fig. S4b, ESI †) . The SLD of PFOS (2 × 10 -4 nm -2
) is quite well contrast-matched with D 2 O, and as a result the scattering is expected to mainly occur from the polymer. At x = 1, shown in Fig. 6f , the fit gave a wide, (relatively) wet core with r core of 5.9 nm (16% wetness), a shorter L core of 46.6 nm, and thick, wet T shell of 7.8 nm (85% wetness) (Fig. 8c) . Notably, PFOS, unlike SDS, induced a significant increase in the "wetness" of the neutral P3HT cores.
Effect of solvent.
The SANS data for P3HTPMe 3 and P3HT-b-P3HTPMe 3 at 1:1 charge ratio with SDS in d 4 -MeOD have been discussed in depth in previous work, 29 and thus will only be briefly recapped here for the sake of comparison with the analogous samples in D 2 O. P3HTPMe 3 in d 4 -MeOD adopts a flexible rod-like conformation with a high solvent content (>85% solvent) and total cylinder length (90.0 nm), and a radius of 1.3 nm, while in D 2 O it forms charged spherical aggregates (R g ~2.1 nm) with interparticle interactions. P3HTPMe 3 in d 4 -MeOD better resembles the scattering profiles obtained when this CPE or the analogous homopolymers, P3TMAHT and P3ImiHT, 21, 22 are combined with a small amount of SDS (CPE/surfactant charge ratio of 1:0.2) in D 2 O. In all three systems, the pure CPE aggregates are believed to disassemble and reorganise into CPE-surfactant cylinders. 21, 22 This suggests that P3HTPMe 3 forms more ordered aggregates in d 4 -MeOD, with significant packing between CPE chains. P3HTPMe 3 (SDS) 1 in d 4 -MeOD favours a lamellar-type structure (T sheet ~4.7 nm, ~50% solvent) believed to be comprised of distinct P3HTPMe 3 and SDS layers, rather than the interwoven sheets expected in D 2 O. In contrast, both P3HT-b-P3HTPMe 3 and P3HT-b-P3HTPMe 3 (SDS) 1 in d 4 -MeOD form core-shell cylindrical aggregates in solution, with the P3HT block comprising the core and the P3HTPMe 3 block (and associated counterions) forming the shell. Thus, unlike in D 2 O, counterion exchange yields only subtle changes in the scattering profile for P3HT-b-P3HTPMe 3 (SDS) 1 -d 4 -MeOD, without the apparent formation of lamellar sheets. These results indicate that solution structure of P3HT-b-P3HTPMe 3 in d 4 -MeOD and D 2 O is primarily dictated by the hydrophobic P3HT core, which "locks-in" the cylindrical morphology of the pure diblock polymer upon surfactant addition. In comparison, the less-restricted P3HTPMe 3 is able to freely transform from semi-flexible cylinders to rigid sheets upon counterion exchange in both solvents.
Cryo-transmission electron microscopy.
It is important to note that when the diameter of a vesicle is well outside the q-window of a SANS experiment (3.0 to 69.8 nm here), then the scattering would appear to correspond to that of lamellar sheets (q -2 ). In order to investigate whether this was the case here, direct imaging by cryo-TEM has been utilised to visualise the particle size and morphology in D 2 O. This technique has the advantage that the micelles can be observed in their hydrated state and that the aqueous environment remains undisturbed. Cylindrical or rod-like particles were observed for P3HTPMe 3 -D 2 O, as shown in Fig. 7a , with average width of 7.5 (±2.3) nm and length of 30.6 (±14.0) nm. Such rod-like structures have previously been observed for P3HT in vitrified organic solvents such as toluene and 1,2-dichlorobenzene, 74 and were attributed to π-π packing of the conjugated polythiophene backbones. Upon the addition of SDS a remarkable change in morphology is observed with the formation of two notable features: (1) large spherical aggregates, ~73.9 (±15.3) nm in diameter, which could be vesicles, although vesicles are more typically capsule-like. More likely, these regular features are simply aggregates of CPE and/or SDS that form reasonably homogeneous nanoparticles (Fig. S8, ESI †) ; (2) lamellar-type striations, highlighted by the white box in Fig. 7b , with sheet thicknesses of 4.0 (±1.1) nm, which agree well the 75 Given the difficulty in fitting unique structures to the SANS data, it is therefore not surprising that distinctive features were harder to identify in for P3HT-b-P3HTPMe 3 samples. However, spherical structures, 19.8 (±3.6) nm in diameter, can definitely be identified in Fig. 7c , which are approximately the same sizes as determined from the model fitting of SANS data. The spheres become much more distinctive upon addition of SDS, with slightly larger diameters of 21.7 (±3.5) nm. 
Thin film morphology
AFM was used to investigate the correlation between the nanoscale organisation of aggregates formed in solution and the morphology of subsequently cast thin films. Thin films of pure CPEs and CPE-surfactant complexes dissolved in MeOH were spin-coated onto silicon substrates. Unfortunately, it was not possible to obtain spin-coated films of samples dissolved in H 2 O due to the hydrophobicity of the silicon substrates. 76 Therefore, all the films of the H 2 O samples were prepared via drop-casting. The surface morphology was found to be dependent on the type of polythiophene (homo-vs. diblock copolymer), solvent and presence and nature of surfactant. In water, P3HTPMe 3 formed mainly featureless films (Fig. 8a) , which is not surprising since it is expected to be well-dissolved with minimal assembly into spheres or rods. In contrast, films of P3HTPMe 3 (SDS) 1 consisted of large aggregates with smooth flat surfaces. The inset phase image in Fig. 8b shows more clearly the formation of sheet-like domains, with a spacing of ~50 nm. P3HTPMe 3 (PFOS) 1 forms a collection of polydisperse spheres (Fig. 8c ) that show no resemblance to the parent homopolymer or P3HTPMe 3 (SDS) 1 .
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Please do not adjust margins Please do not adjust margins nm (Fig. 8d ). For P3HT-b-P3HTPMe 3 (SDS) 1 (10 mg mL -1 ), it was difficult to distinguish any clear features within the extremely amorphous surface morphology (Fig. 8e ). However, upon dilution (×100), we can clearly see spheres, whose core-shell structure is visible in the phase image ( Fig. 8e inset) . The average diameter was 55.0 ± 10.4 nm, with an average core diameter of 17.6 ± 3.9 nm. P3HT-b-P3HTPMe 3 (PFOS) 1 forms a significantly less distinct surface, with some small spheres (~30 nm) appearing at the edge of larger, amorphous aggregates.
Given that the concentrations of SDS and PFOS in the aqueous samples are greater than the cmcs of the pure surfactants, 61, 71 it is reasonable to expect the coexistence of surfactant micelles only if there is incomplete association between the CPE and surfactant. However, most of CPE-SDS x complexes formed films with distinctive morphologies when compared to the films of the pure surfactant ( Fig. S9, ESI †) . The only exception was P3HTPMe 3 (PFOS) 1 which formed a collection of polydisperse spheres which resembled pure PFOS. In MeOH, P3HTPMe 3 also forms largely featureless films ( Fig. 8g) , with small spherical aggregates (10-20 nm) only apparent in the phase image. Complexation with SDS produces large globules (~100 nm), which appear from the phase image to be potentially vesicles (Fig. 8h ). In contrast, complexes formed with PFOS formed a generally flat plane of spheres, dispersed with significantly larger, flat structures (Fig. 8i) . The high-resolution image shown in the inset clearly shows the lamellar structure within these aggregates.
P3HT-b-P3HTPMe 3 in MeOH formed quite uniform films of spheres (~30 nm in diameter), which appear to have core-shell structure in the phase image. Complexation with SDS ( Fig. 8k) shows some spherical aggregates without any distinctive boundaries. There appears to be a continuous network running through this image, implying that CPE aggregates are more interdispersed with SDS. In contrast, P3HT-b-P3HTPMe 3 with PFOS, which is expected to interact less effectively with the P3HTPMe 3 , appears to retain the spherical structure from imparted by the parent copolymer more effectively. The observed spheres of P3HT-b-P3HTPMe 3 -PFOS complexes are significantly larger (~60 nm), which supports the larger core radius indicated by SANS. Blank films of pure SDS and PFOS prepared from MeOH bore no resemblance to any of the CPEsurfactant films (Fig. S10, ESI †) . Figure 9 shows a schematic representation of the proposed aggregate structures adopted by P3HTPMe 3 and P3HT-b-P3HTPMe 3 upon surfactant complexation and in different solvents. The SANS fits and cryo-TEM data for P3HTPMe 3 in D 2 O suggest it forms either short-cylinders or spherical aggregates (Fig. 9a ). Upon addition of SDS, a significant colour change is observed, from the red-aggregated phase to a yellow solution of disrupted aggregates. The emergence of vibronic structure in the PL spectra for x = 0.2 -2, implies the formation of rigid, compact planar aggregates. This observation agrees well with the SANS and cryo-TEM studies, which suggest the formation of sheets comprised of intimate blends of CPE and surfactant. High charge ratios led to the formation of isolated SDS micelles, although it was evident from contrast-matching SANS experiments that P3HTPMe 3 -SDS sheet complexes persist until x = 5.
Proposed self-assembly structures
In contrast, SDS has only a limited effect on the solution structure of P3HT-b-P3HTPMe 3 , with the hydrophobic P3HT core retaining the cylindrical morphology of the pure diblock copolymer (Fig. 9b ). As D 2 O is a selective solvent for the charged CPE block, the core is expected to consist predominantly of the neutral P3HT blocks, which are surrounded by a highly solvated CPE shell. Optical and SANS studies indicated that polymer-polymer packing within the shell was affected by the presence and concentration of surfactant, which supports this assignment. With increasing SDS, an increase in the wetness and thickness of the CPE block shell was observed, which corresponds to a reorganisation of P3HTPMe 3 chains. In contrast, the P3HT core was relatively unaffected, which may account for the retention of some vibronic structure in the PL spectra beyond x = 1. The SANS data suggest that the P3HT-b-P3HTPMe 3 (SDS) 1 uniquely adopts a sheet-like structure and contrast-matching experiments with d 25 -SDS make it possible to see how the macromolecular structure within such aggregates may form. As such, the core-shell cylinder aggregates of P3HT-b-P3HTPMe 3 -SDS are proposed to bind together with the help of SDS to form lamellar sheets (Fig. 9b ). Please do not adjust margins Please do not adjust margins and -0.66, respectively) 57 . The reduced charge density of the sulfonate group in PFOS suggests that electrostatic interactions between P3HTPMe 3 and PFOS will occur predominantly at the aggregate surface, where the interaction forms sheet-like aggregates, but does not alter the effective conjugation length of the P3HTPMe 3 backbone; thus, the optical properties are essentially unchanged. This corresponds well to the sheet thickness obtained from the SANS fits which suggest that distinct PFOS/CPE layers are present. While P3HTb-P3HTPMe 3 -PFOS x retains the core-shell cylinder structure, a striking increase in the wetness and radius of the P3HT core at x = 1 is observed compared to the pure CPE. Taking this into consideration with the optical observations, we propose that PFOS is able to penetrate the neutral P3HT core, causing some degree of structural rearrangement to the neutral polymerpolymer associations. The lower charge density of the sulfonate head group, coupled with the inductive effect of the fluorinated backbone, implies that weaker electrostatic interactions should be expected between the phosphonium group of the CPEs and PFOS than with SDS. Therefore, the more weakly-charged PFOS may also be expected to penetrate more deeply within the neutral P3HT blocks of the diblock copolymer than SDS. 77 Methanol is a better solvent for device fabrication than water due to its higher volatility. While the optical properties of P3HTPMe 3 and P3HT-b-P3HTPMe 3 in MeOD showed only a minor dependence on the nature of the counterion, the aggregate structures formed strongly resemble those in D 2 O, although with subtle differences (Fig. 9d) . P3HTPMe 3 formed a flexible rod-like conformation with high solvent content, while P3HTPMe 3 (SDS) 1 favoured a lamellar-type structure believed to be comprised of distinct, rather than interwoven, P3HTPMe 3 and SDS layers. In contrast, P3HT-b-P3HTPMe 3 and P3HT-b-P3HTPMe 3 (SDS) 1 formed core-shell cylinder aggregates, with a P3HT core and a CPE-SDS shell.
Notably, the aggregate structures formed in solution could be effectively transferred to films deposited by both spincoating and drop-casting. The addition of surfactants to solutions of P3HTPMe 3 induced nanoscale phase separation in the resultant films, with the observation of lamellar-like regions. P3HT-b-P3HTPMe 3 films formed core-shell spherical structures, somewhat in contrast to the core-shell cylinder or lamellar structures indicated by SANS. However, SANS also indicated that aggregates of P3HT-b-P3HTPMe 3 possessed solvated, wet shells. It is therefore conceivable that the removal of the solvent during drying of the film may lead to partial reorganisation or shrinkage of the aggregate structure. The P3HT-b-P3HTPMe 3 -surfactant films exhibited less distinct spherical or sometimes amorphous structures, suggesting complete or partial collapse of the core-shell structure. It is interesting to note that the majority of core-shell structures identified in solution are retained in the films spin-coated from methanol, since one potential drawback of spin-coating is that it is known to reduce the crystallinity of P3HT thin films by preventing appropriate alignment of the polymer chains. 78 
Conclusions
While the optical properties of P3HTPMe 3 and P3HT-b-P3HTPMe 3 show a moderate dependence on the nature of the surfactant counterion, its concentration and the solvent, stark transitions in the solution structures are observed upon modifying these parameters. P3HTPMe 3 has been shown to freely transform from spheres or semi-flexible cylinders to rigid sheets upon association with anionic surfactants, the size and morphology of which is dependent of the surfactant charge density, tail length and stiffness and solvent. In contrast, surfactants only have a limited effect on the solution structure of P3HT-b-P3HTPMe 3 , with the hydrophobic P3HT core retaining the cylindrical morphology of the pure diblock copolymer. However, contrast-matching SANS experiments with deuterated surfactants have indicated how the macromolecular organisation between P3HT-b-P3HTPMe 3 -SDS aggregates is formed. Furthermore, the reduced charge density of perfluorinated surfactants may offer an effective route to tune the polymer-polymer packing density within the P3HT-cores.
It is perhaps unsurprising that homopolymers vs. diblock copolymers yield significantly different self-assembled structures. However, the structure "lock-in" tendency of the hydrophobic P3HT block, coupled with subtle differences in the surfactant mole fraction, chemical structure and solvent polarity (MeOH vs. H 2 O) give rise to remarkable variations in the range and type of complexes formed affecting both the solution phase structures and the morphology of the thin films. This has important consequences for future device preparation. For example, it has recently been shown that while charge generation occurs in the ordered domains of semi-crystalline P3HT films, the connectivity of these ordered domains through long polymer chains can strongly enhance charge transport. 79 Thus, the ability to control the chain packing within CPE aggregates could be harnessed to balance the charge carrier ability with other physical properties of films currently being considered for OPV devices. 78, 80 
